Context. Extremely low-mass white dwarf (ELM WD; M ⋆ 0.18 − 0.20M ⊙ ) stars are thought to be formed in binary systems via stable or unstable mass transfer. Although stable mass transfer predicts the formation of ELM WDs with thick hydrogen (H) envelopes, and hence characterized by dominant residual nuclear burning along the cooling branch, the formation of ELM WDs with thinner H envelopes from unstable mass loss cannot be discarded. Aims. We compute new evolutionary sequences for helium (He) core WD stars with thin H envelope with the main aim of assessing the lowest T eff that could be reached by this type of stars. Methods. We generate a new grid of evolutionary sequences of He core WD stars with thin H envelope in the mass range from 0.1554 to 0.2025M ⊙ , and assess the changes in both the cooling times and surface gravity induced by a reduction of the H envelope. We also determine, taking into account the predictions of progenitor evolution, the lowest T eff reached by the resulting ELM WDs. Results. We find that a slight reduction in the H envelope yields a significant increase in the cooling rate of ELM WDs. Because of this, ELM WDs with thin H envelope could cool down to ∼ 2500 K, in contrast with their canonical counterparts that cool down to ∼ 7000 K. In addition, we find that a reduction of the thickness of the H envelope increases markedly the surface gravity (g) of these stars. Conclusions. If ELM WDs are formed with thin H envelopes, they could be detected at very low T eff . The detection of such cool ELM WDs would be indicative that they were formed with thin H envelopes, thus opening the possibility of placing constraints to the possible mechanisms of formation of this type of stars. Last but not least, the increase in g due to the reduction of the H envelope leads to consequences in the spectroscopic determinations of these stars.
Introduction
White dwarf (WD) stars constitute the most common fate in stellar evolution. Indeed, more than 90% of all stars born in the galaxy will ultimately evolve into WDs, earth-sized, electron degenerate objects. These stars play a central and unique role in our understanding of the formation and evolution of stars, our galaxy itself, and planetary systems. In addition, they constitute valuable laboratories of extreme physics. Their collective properties allow us to infer valuable information about the star formation history of the Solar neighborhood, AGB mass loss, and to study the properties of various stellar populations -see Fontaine & Brassard (2008) ; Winget & Kepler (2008) , and Althaus et al. (2010) for reviews. In particular, WDs are used as accurate age indicators for a wide variety of Galactic populations, including the disk, and open and globular clusterssee Winget et al. (2009); García-Berro et al. (2010) ; Jeffery et al. (2011) ; Bono et al. (2013) ; Hansen et al. (2013) and Torres et al. (2015) for some recent applications.
The WD mass distribution comprises a population of lowmass remnants, most of them expected to have a He core. These stars are thought to be the result of strong mass-loss episodes in interactive binary systems before the He flash during the red giant branch phase of low-mass stars, see Sarna et al. (2000) ; Althaus et al. (2013) ; Istrate et al. (2016) , and references Send offprint requests to: L. M. Calcaferro therein. Specifically, this interactive binary evolutionary scenario is thought to be the most plausible origin for the so-called extremely low-mass (ELM) WDs, which have masses below ∼ 0.18 − 0.20M ⊙ 1 . In recent years, the number of observed low-mass WDs, including ELM WDs, has increased considerably due to the result of many ELM surveys, and the SPY and WASP surveys (see Koester et al. 2009; Brown et al. 2010 Brown et al. , 2012 Maxted et al. 2011; Kilic et al. 2011 Kilic et al. , 2012 Brown et al. 2013; Gianninas et al. 2014; Kilic et al. 2015; Gianninas et al. 2015) . The evolution of He-core WDs resulting from binary evolution has recently been studied in detail by Althaus et al. (2013) and Istrate et al. (2016) . In addition, the detection of pulsation g modes (gravity modes) in some of these stars (Hermes et al. 2012 (Hermes et al. , 2013b Kilic et al. 2015; Bell et al. 2015 Bell et al. , 2017 has given rise to a new class of variable WDs, the ELMVs. These pulsating low-mass WDs provide us an unique chance for probing the interiors of these stars and possibly to test their formation scenarios by employing the tools of asteroseismology.
The accepted mechanism for the formation of low-mass Hecore WDs is either through unstable mass loss via commonenvelope episodes or stable mass loss via Roche-lobe overflow in close binary systems (see for a recent discussion Istrate et al. 2016) . In particular, existing evolutionary tracks for ELM WDs are derived from progenitor stars that have experienced stable mass transfer, see Althaus et al. (2013) ; Istrate et al. (2016) and references therein. All of these studies predict for these stars the occurrence of thick H envelopes that sustain residual stable H burning, thus yielding extremely long cooling ages even at high effective temperatures. In particular, these studies show that no ELM (those which do not experienced CNO H flashes) is expected to have cooled below ∼ 7000K.
However, the formation of low-mass He-core WDs with thin H envelopes unable to sustain residual H burning cannot be discarded. Such WDs could result from common-envelope evolution of close binary systems, see ; ; Clayton et al. (2017) for recent calculations, or from the lost of the envelope of a RGB star induced by an inspiralling giant planet (Nelemans & Tauris 1998; De Marco & Soker 2002; Sabach & Soker 2017) . These studies suggest that most of the envelope of a RGB star could indeed be lost in these episodes. In particular, Clayton et al. (2017) found that the envelope of their low-mass RGB models becomes dynamically unstable, with the result that the entire envelope of the star is removed over the duration of the slow spiral-in phase. However, it should be mentioned that the prediction of such channels for the formation of ELM WDs is more uncertain, because of the large binding energy of the donor's envelope in this case (Sun & Arras 2017) . On the observational side, the existence of a population of low-mass He-core WDs with thin H envelopes in NGC 6397 is not discarded, see Strickler et al. (2009) . Finally, in an entirely different context, the formation of ELM WDs with thin H envelope could result from the irradiation of the pulsar companion, leading to a fast cooling of the ELM (van den Heuvel & van Paradijs 1988; Ergma et al. 2001) .
In view of these considerations, we cannot entirely rule out the existence of ELM WDs with thin H envelopes. To explore the impact of this possible outcome of binary interaction on observational expectations of ELM WDs , we present in this paper new evolutionary sequences for ELM WDs formed with thin H envelope. We will show that in this case the cooling times of such WDs turn out to be much shorter than the cooling times of their counterparts with thick (canonical) H envelopes, that predict that no ELM WD is expected to be observed below ∼ 7000K, in agreement with the current observational status. Thus, according to our calculations, if ELM WDs were born with thin H envelope (for instance, due to unstable mass transfer) they could be observed at much lower effective temperatures (down to 2500 K). The detection of ELM WDs at low effective temperatures would be indicative that such WDs were formed with thin H envelope, a fact that could shed light on the nature of mass loss that leads to the formation of ELM WDs. Although the detection of such cool ELM WDs is difficult, because the spectroscopic technique becomes inaccurate below 7000 K where the Balmer lines become weaker and then disappear below 5000 K, parallax measurements from Gaia is a promising avenue that would help to identify such cool ELM WDs. This paper is organized as follows. A brief description of the stellar models and the numerical code employed is provided in Sect. 2. In Sect. 3 we study the cooling times for some selected ELM WD sequences with thin and thick H envelope. Next, we describe the considerations we take into account to find the lowest effective temperature that could be reached by ELM WD stars considering different possible progenitors and we show the results obtained. Finally, in Sect. 4 we summarize the main findings of this work.
Evolutionary models
This work is based on fully evolutionary models of low-mass He-core WDs generated with the LPCODE stellar evolution code. This code computes in detail the complete evolutionary stages that lead to the WD formation, allowing the study of the WD evolution consistently with the predictions of the evolutionary history of progenitors. Details of the LPCODE can be found in Althaus et al. (2005 Althaus et al. ( , 2009 Althaus et al. ( , 2013 Althaus et al. ( , 2015 and references therein. Here, we briefly mention the ingredients employed that are relevant for our analysis of low-mass He-core WDs (see Althaus et al. 2013 , for details). The standard mixing length theory (MLT) for convection in the ML2 prescription is used (see Tassoul et al. 1990 , for its definition). We assume the metallicity of the progenitor stars to be Z = 0.01. For the WD regime, we consider the radiative opacities for arbitrary metallicity in the range of 0 to 0.1 from the OPAL project (Iglesias & Rogers 1996) . Conductive opacities are those of Cassisi et al. (2007) . For the main-sequence evolution, we consider the equation of state from OPAL for H-and He-rich compositions. Neutrino emission rates for pair, photo, and bremsstrahlung processes are those of Itoh et al. (1996) , and for plasma processes, those of Haft et al. (1994) . For the WD regime we have employed an updated version of the equation of state of Magni & Mazzitelli (1979) . The nuclear network takes into account 16 elements and 34 thermonuclear reaction rates, most of them corresponding to pp-chains and CNO bi-cycle, needed for this work. We also consider time-dependent diffusion due to gravitational settling and chemical and thermal diffusion of nuclear species following the multicomponent gas treatment of Burgers (1969) . We have computed abundance changes according to element diffusion, nuclear reactions, and convective mixing, a treatment that represents a very significant aspect in evaluating the importance of residual nuclear burning during the cooling stage of low-mass WDs.
Realistic configurations for our initial low-mass He-core WD models were taken from binary evolutionary calculations (Althaus et al. 2013 ). There, binary evolution was assumed to be fully nonconservative, and the losses of angular momentum due to mass loss, gravitational wave radiation, and magnetic braking were considered. Binary configurations assumed in Althaus et al. (2013) consist of an evolving main-sequence lowmass component (donor star) of initially 1M ⊙ and a 1.4M ⊙ neutron star companion as the other component. Initial He-core WD models with stellar masses ranging from 0.1554 to 0.4352 M ⊙ characterized by thick H envelopes were derived from stable mass loss via Roche-lobe overflow, see Althaus et al. (2013) for details. The evolution of these models was computed down to the range of luminosities of cool WDs, including the stages of multiple thermonuclear CNO flashes at the beginning of the cooling branch.
Initial ELM WD models with thin H envelopes were generated from those computed in Althaus et al. (2013) , as mentioned above, by artificially reducing the thickness of the H envelope at high luminosities, during the pre-white dwarf evolutionary stages. This ensures that all the transitory effects associated with this artificial procedure have already ceased by the time the resulting remnants reach the cooling branch. For the purpose of getting different thicknesses of the H envelope, for each sequence characterized by a given M ⋆ and a thick (canonical) value of M H , as predicted by the full computation of the pre-WD evolution, we simply replaced 1 H by 4 He from a given mesh point to get the desired H envelope mass. Ongoing element diffusion smoothes the chemical profile at the H/He chemical tran-sition region before the remnant settles onto the cooling branch. With the aim of exploring not only the impact of the H envelope on the cooling time, for which only a small reduction in the envelope thickness is required, but also on the surface gravity, we have generated additional sequences with H envelope several orders of magnitude thinner than the canonical value. We have also generated two evolutionary sequences with 0.130 and 0.140 M ⊙ with thin H envelopes to cover the domain of low surface gravities of our grid. This was done by artificially scaling the total mass of the 0.1554 M ⊙ white dwarf model.
Searching for ELMs with the lowest effective temperature
We begin by examining the impact of the H envelope mass on the cooling times of the ELM WDs. In this sense, we find that a small reduction in the H envelope, by a factor of 2 -3, is enough to turn off the H burning, thus leading to a fast evolution at advanced stages (see Althaus et al. 2001 , for a similar result). This is illustrated in Figs. 1 and 3.7 × 10 −3 M ⋆ for the 0.1554, 0.1822, and 0.2025 M ⊙ sequences, respectively) and thin H envelopes (M H ∼ 10 −5 M ⋆ for all the sequences). We mention that the 0.2025 M ⊙ sequence experiences CNO-flashes during the first cooling branch, with the consequent result that the H envelope and H burning on the final cooling branch are reduced. This explains the short cooling age of this sequence also in the case of canonical envelope. It is clear that residual nuclear burning is responsible for the extremely large cooling times that would need ELM WDs to reach low effective temperatures, and more importantly, that a small reduction of the H envelope is enough to extinguish this nuclear burning source, and thus cause a fast evolution of the ELM WD.
The short cooling times that characterize the sequences with thin H envelopes opens the possibility of detecting ELM WDs at very low T eff . To place this on a quantitative basis, we will assume an age of the Galactic disk of 13.7 Gyr. If we take t birth and t MS as the time of birth and the main sequence time of the progenitor star, respectively, then the available time for the ELM WD to evolve during the WD stage is given by 13.7Gyr − t MS − t birth . To obtain the maximum available time on the WD regime, and hence to find the lowest T eff that may be reached by a lowmass He WD, we set t birth = 0, i.e. we assume that the progenitor was born at the beginning of star formation in the disk. In addition, the shortest ages for the possible progenitors of these stars must be considered. To assess this, we computed additional evolutionary calculations to estimate the maximum value of the initial mass of the progenitor stars at the ZAMS that may form ELM WDs, and we have obtained a mass of ∼ 1.5 M ⊙ ( t MS ∼ 1.5 Gyr for solar metallicity). This is in line with the exploration made by Sun & Arras (2017) . Taking into account the t MS of this Results are illustrated in Fig. 3 , in which these evolutionary sequences having canonical and thin H envelope are depicted in the log(g) -T eff plane. We have also included in the figure the location of a sample of ELM WDs and also the known ELMVs (Hermes et al. 2012 (Hermes et al. , 2013b Kilic et al. 2015; Bell et al. 2015; Brown et al. 2016; Bell et al. 2017) . The solid black line to the left connects points of equal age (13.7 Gyr) for the canonical tracks, while the solid lines to the right connect points of equal age (13.7 Gyr) but for the thin H-envelope tracks. The dashed lines also correspond to the Galactic disk age limit, and are only marked as projections to delimit the region. The main result illustrated by Fig. 3 is the existence of a region named "Thin H envelope" in which only ELM WDs with thin H envelope can be found. In fact, ELM WDs with canonical H envelopes are not expected to evolve to T eff values lower than the limit imposed by the left solid line. Only ELM WDs with thin H envelopes, and hence short cooling ages, are expected to evolve to such lower T eff (but not lower to the right solid line). More specifically, low-mass WDs with M ⋆ < 0.20 M ⊙ with residual H burning (canonical envelopes) should be no cooler than roughly 7000 K, as observations seem to show. But if such low-mass WDs were born with thinner H envelope (for instance, due to unstable mass transfer) they could be expected at much lower effective temperatures (down to ∼ 2500 K). This means that the detection of Table 1 . Main characteristics (T eff , log(g) and t cool ) for some selected 0.1554, 0.1822 and 0.2025 M ⊙ models having canonical and thin envelopes. low-mass WDs in this region could be indicative that such stars were formed with thin H envelopes. One possibility is through unstable mass loss via common-envelope episodes. In Fig. 3 we have also marked a zone named "Forbidden region" where ELM WDs are not expected to be found because to reach such region, evolutionary times larger than the Galactic disk age would be needed (even assuming ELM WDs with thin H envelopes).
Another observable consequence of a reduction of the H envelope concerns its impact on the surface gravity. It is clear from Fig. 3 and also from Table 1 that reducing the thickness of the H envelope yields evolutionary sequences with gravity values substantially higher. This is because a reduction in the H content cause the envelope to become denser, thus implying a decrease in the stellar radius. At variance with mass average WDs, where the mass of residual H is much smaller, the impact on the gravity becomes more significant in low-mass He-core WDs. The increase in gravity resulting from a reduction of the H envelope has consequences for the spectroscopic determination of the star parameters. At first glance, the uncertainty in the stellar mass due to the uncertainty in the thickness of the H envelope is at least of ∼ 0.025 M ⊙ .
The above mentioned expectations are based on the asssumption that the progenitor star has the maximum value of the initial mass, and hence the shortest ages, to form ELM WDs, i.e, 1.5 M ⊙ . Now, we explore how the conclusions are altered if the mass of the progenitor star is changed. In particular, results for ELM WDs coming from 1.0 and 1.3 M ⊙ progenitor stars are shown in Fig. 4 . Note that lines of equal ages shift now to higher T eff values in comparison with the lines predicted in the case of the 1.5 M ⊙ progenitor, as it should be expected because of the larger progenitor ages. However, this shift is not too significant and we can conclude that these boundaries are not too sensitive to the mass of the progenitor. Specifically, if low-mass WDs with M ⋆ < 0.18 M ⊙ were formed with thick H envelope and came from a progenitor with 1.3 M ⊙ , they should not be cooler than ∼ 7400 K, and if such low-mass WDs were born with thin H envelope, they could reach down to ∼ 2700 K. For the 1.0 M ⊙ progenitor, the limits are roughly 8100 K and 3500 K, for the thick and thin H envelope, respectively. The region where only thin H envelope can be found remains mostly unchanged and well defined.
Finally, note that all of our thin H envelope sequences experience a sort of hook in their track between T eff ∼ 5000−6000 K. The reason for this is related to the deepening of the convection zone that reaches the H/He transition region, enriching the envelope with He and hence, making the star more compact.
Summary and conclusions
In this work, we have presented new evolutionary sequences of ELM WDs with thin H envelope and we have studied the differences in the cooling times comparing thin and thick Henvelope sequences. ELM WD stars are thought to be the result of strong mass-loss episodes in interactive binary systems before the He flash during the red giant branch phase of low-mass stars (Sarna et al. 2000; Althaus et al. 2013; Istrate et al. 2016) . It is currently accepted that these stars are formed either through unstable mass loss, for instance, via common-envelope episodes, or stable mass loss via Roche-lobe overflow in close binary systems (see for a recent discussion Istrate et al. 2016) . All of the existing studies (for instance, Althaus et al. 2013; Istrate et al. 2016) are performed considering ELM WDs evolving from progenitors that have experienced stable mass transfer, leading to thick H envelopes and hence, to very long cooling ages due to residual H burning. However, we cannot rule out the scenario where these stars are formed through unstable mass loss, leading to ELM WDs with thin H envelopes unable to sustain residual H burning, resulting in much shorter cooling ages.
In the present paper, we determine the lowest T eff that could be reached by ELM WDs. We studied the cooling times of ELM WD models with canonical (thick) H envelopes taken from Althaus et al. (2013) , and also ELM WD models characterized by thin H envelopes. This last set of models was generated on the basis of models with thick envelopes, for which we artificially reduced the thickness of the H envelope at high luminosities. We stress that the reduction in the thickness of the H envelope does not need to be large for the nuclear burning to become negligible: for instance, for the sequence with 0.1554 M ⊙ , only A&A proofs: manuscript no. paper a factor of reduction of ∼ 2.4 is enough. We analyzed the cooling ages of our WD sequences considering the Galactic disk age, and assumed that stars were born at the same time of the formation of the disk, so they would have had enough time to reach the minimum T eff . We also considered the age of some possible progenitors that can form ELM WDs. We found that there is a well limited region in the log(g) vs T eff plane where only ELM WD stars with thin H envelope can be found. We also found that changing the progenitor mass does not significantly change the lowest T eff s reached by these stars. Additionally, we found that a reduction of the H envelope has an important observational impact, because it increases the value of g, leading to consequences in the spectroscopic determinations for these stars.
Our results show that it would be possible to find ELM WD stars at very low T eff if they had a thin H envelope. This being the case, we could conclude that these stars experienced unstable mass loss during their previous evolution, shedding light on the formation of such stars. We are aware that the detection of cool ELM WDs is a difficult task, due to the inaccuracy of the spectroscopic technique below 7000 K. However, hopefully with GAIA parallax measurements, we might be able to identify such cool ELM WDs.
